The objectives of this study were to characterize the effects of operational factors on spray application parameters for remotely piloted aerial application systems (RPAAS). The effects of application height and ground speed on spray pattern uniformity and droplet spectra characteristics were investigated for two RPAAS (DJI model MG-1 and HSE V6A) delivery vehicles equipped with original equipment manufacturer (OEM) nozzles. A spray mixture of tap water and fluorescent dye was applied at three different application heights in conjunction with four different ground speeds over the center line of a cotton string, suspended 1 m above ground. Fluorometric assessment of spray deposits on cotton strings and spray droplets captured on water-sensitive paper samplers described spray pattern and droplet spectra, respectively. Effective swath was determined based on the widest spray swath with a coefficient of variation (CV) ≤ 25%. Regardless of ground speed, application heights of 2 and 3 m yielded the largest effective swath for the MG-1. Neither application height nor ground speed significantly influenced effective swath for the V6A. These test results may provide guidance to remote aerial applicators as to the best application height and ground speed to use for their RPAAS for efficacious application of pest control products. Drones 2019, 3, 83 2 of 21 Xue, et al. [6] sprayed chlorpyrifos against rice leaf-folder, Cnaphalocrocis medinalis (Guenee) operating an UAV at different heights in southern China. Faithpraise, et al. [7] deployed an RPAAS to release Trichogramma and Tachinid parasites for control of armyworm on cereal crops and achieved improved suppression of the pest outbreak. Pan et al. [8] flew a four-rotor UAV on open center and round type canopy citrus trees at 1 m/s ground speed and three different flying heights and reported that open center canopy was more suitable for UAV deployment. Zhang et al.
Introduction
The aerial application of pest control products in the United States by manned aircraft is usually conducted over large expanses of farmland, typically 50 ha or more. However, often agricultural spray applications are needed for site-specific management of crop pests in difficult terrain not easily accessible to manned aircrafts. Small remotely piloted aerial application systems (RPAASs), often referred to as UAVs, can fly and make spray applications autonomously based on preprogrammed flight paths. Advances in sensors and instruments installed on such aircrafts have resulted in innovative changes in production agriculture relative to pest management, plant genetics and agronomy [1] [2] [3] . Several researchers have deployed RPAASs to control crop pests in countries where pesticide applications face less regulatory oversight and where topography is predominated by mountains and rice fields. Qin, et al. [4] operated an RPAAS at an application height of 1.5 m and a ground speed of 5 m/s in a rice field and obtained uniform spray droplet distribution of chlorpyrifos in the lower canopy of rice foliage. Qin, et al. [5] applied fungicide for powdery mildew control with an RPAAS on wheat and found that an application height of 5 m and ground speed of 4 m/s improved spray coverage on upper wheat canopy. taken to minimize the weather effects by orienting the string analysis system perpendicular to the wind (±30 • ), regardless of the wind direction, during each spray application. 
Determination of Spray Pattern and Effective Swath
The spray pattern and effective swath were determined by measuring the amount of fluorescent dye deposited on the cotton string after each spray pass. The spray deposits on the string were analyzed using the USDA Swath Analysis System, described earlier [12] . The spectrometer (fluorometer) (Model USB2000+, Ocean Optics, Inc., Dunedin, FL) used for the system had a wavelength measurement range of 350-1000 nm at a resolution of 0.32 nm per pixel. As the string went through the photocell, the strength of the emission signal at 575 nm varied depending on the amount of fluorescent dye deposited on the string. The analysis software read the signal strength at the highest value between 565 and 586 nm wavelengths. The string patterns were analyzed with a 
The spray pattern and effective swath were determined by measuring the amount of fluorescent dye deposited on the cotton string after each spray pass. The spray deposits on the string were analyzed using the USDA Swath Analysis System, described earlier [12] . The spectrometer (fluorometer) (Model USB2000+, Ocean Optics, Inc., Dunedin, FL) used for the system had a wavelength measurement range of 350-1000 nm at a resolution of 0.32 nm per pixel. As the string went through the photocell, the strength of the emission signal at 575 nm varied depending on the amount of fluorescent dye deposited on the string. The analysis software read the signal strength at the highest value between 565 and 586 nm wavelengths. The string patterns were analyzed with a program written in LabView (National Instruments, Austin, TX, USA), a system engineering software package that produces input and output signals and creates graphical images. The software was custom built with a sampling frequency of 3.8 cm. It took four samples every 15.2 cm of the cotton string length and averaged those data points to smooth the data.
Two different methods were used to evaluate the spray pattern and effective swath from each aircraft. The first method conforms to ASABE standard S386 for spray pattern testing. This is the traditional method that has been used for decades to evaluate spray patterns from agricultural aircraft. Using this method, a series of three or four passes was made using the same aircraft and equipment setup. The spray patterns from these three or four passes were geometrically centered through the software using a centroid feature to compensate for spray pattern movement due to slight crosswinds or the aircraft deviating from the centerline of the string. An equal area function also was applied to compensate for varying strengths of signals between passes. If the spray pattern from one or more of the individual passes was deformed due to a strong crosswind, then that pass was eliminated from the average. The resulting passes were then averaged together to get an average spray pattern. In each case, there were always at least two spray patterns averaged together. The averaged spray pattern was then analyzed for effective swath based on the resulting coefficient of variation of that pattern over computer-simulated multiple passes throughout the field. The effective swath was determined by choosing the widest swath with a coefficient of variation (CV) less than or equal to 25%. The CV is a statistical index of the uniformity of spray deposits across the swath width and is the standard metric for spray swath uniformity from aerially applied materials [13, 14] . Five simulated racetrack passes were used for this analysis. A racetrack pattern is the most common pattern for RPAAS systems, as it overlaps material deposited from the right side of the aircraft with material from the left side of the aircraft on subsequent passes.
The second spray pattern analysis method takes a different tack and looks at each pass individually and then simulates what that individual pass might look like if it were applied side-by-side throughout a field in a racetrack pattern. These individual spray patterns were also centered and the areas equalized as in the first method. Since there is typically high meteorological variability from pass to pass, the coefficient of variation for the spray patterns from this type of analysis is likely to be much higher than that for the first method for a given swath. However, this second method of pattern analysis may be more indicative of what is happening in the field during this type of spray operation.
We sought to normalize the spray rate (L/ha) determined by WSP samplers by removing the residual effect of ground speed and application height and to ascertain spray efficiency for the two aircrafts studied (V6A and MG-1). The nozzle flow rate and the ground speed of the aircraft were factored into the formula. Spray efficiency was thus calculated from the ratio of the actual or the measured spray rate to the theoretical application rate. The spray efficiencies of the two platforms (V6A and MG-1) were compared only for Method 1.
Spray Droplet Spectra

WSP Samplers
Spray droplet spectra were determined using water-sensitive paper (WSP) samplers. Five wooden blocks, each with a paper clip attached on the top, were placed 1 m apart on a table (0.76 m × 0.76 m × 1.8 m) located parallel to and centered on the cotton string. WSPs were inserted into each of the paper clips before each spray application. To enable enough drying time, the WSPs were removed approximately 1 min after each spray pass was completed and placed inside photonegative sleeves (Model # 35-7BXW; PrintFile ® Archival Preservers, Apopka, FL, USA). They were then taken to the laboratory for analysis. Spray droplet images captured on WSPs were analyzed by the DropletScan ™ scanner-based system [15] . Spray droplet spectra measured were D v0.1 , D v0.5 , D v0.9 , percent area coverage, and spray application rate. D v0.1 is the droplet diameter (µm) where 10% of the spray volume is contained in droplets smaller than this value. Similarly, D v0.5 and D v0.9 are droplet diameters where 50 and 90% of the spray volumes are contained in droplets smaller than these values, respectively. D v0.5 is commonly known as the volume median diameter (VMD).
The American Society of Agricultural and Biological Engineering has developed the ASABE S572.2 Droplet Size Classification, a standard to measure and interpret spray quality tips [16] . The spray droplet sizes that were released from the spray tips in this study were comprised of fine (106-235 µm), medium (236-340 µm), coarse (341-403 µm), and very coarse (404-502 µm) spray droplets.
Laser Droplet Sizing
It is commonly accepted that flat plate impaction collectors, like WSPs, have low collection efficiencies of smaller droplets compared to larger droplets. Reasons for this can be partly attributed to evaporation of the droplets during their descent to the target area after application and also because smaller spray droplets do not make an adequate visible stain on WSPs for image analysis [17] . Therefore, spray droplets exiting the nozzles (XR110-01 and CR80-005) also were measured using an existing laser diffraction technique [18] . Briefly, the laser diffraction sensor, fitted with the manufacturer denoted R7 lens, provided for a dynamic measurement size range of 18 to 3500 µm (Model HELOS-KR/VARIO, Sympatec GmbH System, Clausthal-Zellerfeld, Germany). Droplet spectra parameters for each nozzle were evaluated at a wind speed of 4 m/s using three replications. This speed was selected because it is near the maximum wind speed allowed on typical chemical labels for aerial application. This study was conducted in a low speed wind tunnel located at the Pesticide Application Technology Laboratory, West Central Research and Extension Center of the University of Nebraska-Lincoln in North Platte, NE, USA.
In addition to D v0.1 , D v0.5 , D v0.9 , spray coverage (%), and spray rate (L/ha) previously measured by WSP samplers, the laser diffraction technique also measured the relative span (RS) and the percentages of spray volume contained in droplets less than 100 and 200 µm. The RS is a dimensionless value indicative of the uniformity of the spray droplet spectrum and was calculated as follows: RS = (D v0.9 − D v0.1 )/D v0.5. The percentages of spray volume contained in droplets less than 100 and 200 µm are indicators of the fraction of the spray typically associated with elevated drift potential. According to ASABE Standard S572.2 [16] , a standard which classifies droplet spectra relative to standard reference spray nozzles, the XR 110-01 nozzle produced a fine spray and the CR 80-005 produced a very fine spray.
Data Analysis
All data were analyzed using a PROC GLIMMIX procedure [19] . Variations due to the main effect of platform, application height, ground speed, and their interactions were evaluated. Interaction least square means were separated using Tukey's Method at P < 5% and letter-grouped with PDMIX800 macro [20] . All graphical illustrations were produced using JMP ® [21] . Spray efficiency of the two aircrafts tested in this report was compared using PROC TTEST [19] . The D v0.5 spray droplets from WSP samplers were regressed against spray efficiency to determine whether any functional relationship existed between these two variables.
Results
Spray Pattern Uniformity and Effective Swath Using Method 1
Based on the traditional method of spray swath evaluation where multiple spray passes were averaged together, each aircraft model tested was able to produce an acceptable spray pattern with the manufacturer nozzles provided at any combination of tested application height and ground speed (Figures 4 and 5 ). Since multiple passes were averaged together for this traditional method of pattern analysis, no statistical analysis was possible. The individual passes were the replications that would have been needed for statistical analysis. There were, however, apparent differences between the effective swaths of the MG-1 and the V6A. Over the full range of ground speeds, the effective swath for the MG-1 consistently seemed to be wider than that for the V6A (Figure 4 ). Application height appeared to influence effective swath more for the MG-1 than that for the V6A aircraft ( Figure 5 ). As application height increased, effective swath decreased. The 2 m application height appears to produce a wider effective swath for both aircrafts. Figure 4 . The effect of ground speed on effective swath for two RPAAS aircrafts. Spray pattern uniformity was analyzed using the traditional method of averaging multiple spray passes to determine the effective swath for each treatment.
Figure 5.
The effect of application height on effective swath for two RPAAS aircrafts. Spray pattern uniformity was analyzed using the traditional method of averaging multiple spray passes to determine the effective swath for each treatment. Figure 4 . The effect of ground speed on effective swath for two RPAAS aircrafts. Spray pattern uniformity was analyzed using the traditional method of averaging multiple spray passes to determine the effective swath for each treatment.
Spray Pattern Uniformity and Effective Swath Using Method 2
Figure 5.
The effect of application height on effective swath for two RPAAS aircrafts. Spray pattern uniformity was analyzed using the traditional method of averaging multiple spray passes to determine the effective swath for each treatment. Figure 5 . The effect of application height on effective swath for two RPAAS aircrafts. Spray pattern uniformity was analyzed using the traditional method of averaging multiple spray passes to determine the effective swath for each treatment.
Spray Pattern Uniformity and Effective Swath Using Method 2
When the spray passes were analyzed individually, statistical analysis of the data was possible and greater variability between spray passes was observed when compared to the averaging technique in the previous method. Much of the observed variability was likely due to inherent meteorological variability in wind speed and direction. Figure 6 shows a sample skewed distribution of the fluorescent dye deposition on cotton string for the V6A aircraft owing to crosswind with a concomitant increase in CVs. However, Figure 7 shows a sample spray pattern for the V6A with minimal crosswind effects. The effective swath for this type of pattern without crosswind interference is much wider. Comparable deposition profiles for the MG-1 aircraft are shown in Figures 8 and 9 , which demonstrate, respectively, crosswind and in-wind effects on spray pattern uniformity.
The effective swath varied significantly between the MG-1 and V6A aircraft (F = 8.88; P = 0.0039; df = 1, 74) with the effective swath of the MG-1 consistently being wider than that of the V6A. The MG-1 had an overall effective swath of 5.3 m with a 95% confidence interval of ±0.7 m while the V6A produced an overall effective swath of 4.1 m with a 95% confidence interval of ±0.5 m.
Application height did not significantly influence effective swath for the V6A aircraft ( Figure 10 ) but it did for the MG-1 (Figure 11 ). For the MG-1, the effective swath was significantly wider at the 2 m application height than at the 4 m height but the effective swath at the 2 and 3 m heights was comparable. Thus, at the 2 and 3 m application heights, any of the tested ground speeds would result in an acceptable spray pattern (CV ≤ 25%) at an effective swath of 5.9 m with a 95% confidence interval of ±0.8 m for the MG-1.
Ground speed did not have a significant impact on effective swath for either the V6A (Figure 12 ) or the MG-1 (Figure 13 ). The V6A was able to produce an acceptable spray pattern with the provided manufacturer nozzles at any combination of tested application heights and ground speeds. When the spray passes were analyzed individually, statistical analysis of the data was possible and greater variability between spray passes was observed when compared to the averaging technique in the previous method. Much of the observed variability was likely due to inherent meteorological variability in wind speed and direction. Figure 6 shows a sample skewed distribution of the fluorescent dye deposition on cotton string for the V6A aircraft owing to crosswind with a concomitant increase in CVs. However, Figure 7 shows a sample spray pattern for the V6A with minimal crosswind effects. The effective swath for this type of pattern without crosswind interference is much wider. Comparable deposition profiles for the MG-1 aircraft are shown in Figures 8 and 9 , which demonstrate, respectively, crosswind and in-wind effects on spray pattern uniformity.
Ground speed did not have a significant impact on effective swath for either the V6A (Figure 12 ) or the MG-1 (Figure 13 ). The V6A was able to produce an acceptable spray pattern with the provided manufacturer nozzles at any combination of tested application heights and ground speeds. 
Comparison of Swath Analysis Techniques
The spray patterns for the tested treatments were analyzed using two different techniques. The first one, referred to as the traditional method, overlays multiple spray passes to obtain an average spray pattern for the aircraft for a specific treatment. That averaged pattern is then computer simulated across five racetrack spray swaths to achieve a coefficient of variation at different swath widths. This method is typically preferred when time and resources limit the number of spray passes that can be made, such as at a spray pattern test clinic. The second method analyzes each individual spray pass by itself. That individual pass also is simulated across five spray swaths to obtain a coefficient of variation for different swath widths. This method is probably more indicative of actual field applications, since it does not overlay multiple passes on top of each other. As a result, greater variability in spray deposits is observed across the spray swath. When a minimum standard of variability is exercised upon a spray swath (i.e., CV ≤ 25%), the effective swath using this technique will almost always be narrower than with the traditional method. Table 2 illustrates the differences in the resultant effective swaths using the two different methods of analyses. What can be seen from the data is that there is a significant reduction in swath when the individual swaths are analyzed independently. On average, there was a 1.2 m reduction in effective swath for both the V6A and MG-1 aircraft for an overall reduction of 37.9% and 29.7%, respectively. These values were not significantly different (F = 0.04; P = 0.84; df = 1, 22) and indicate that the reduction in effective swath was comparable between the two methods evaluated, regardless of the aerial platform. Table 3 shows that the spray efficiency averaged 51.69 and 100.74% for the V6A and MG-1 platforms, respectively. The spray efficiency was significantly greater for the MG-1 platform than that for the V6A platform (t = −2.58; P = 0.03; df = 11). The method used to determine effective swath width is ultimately up to the analyst. However, given that these tests must be conducted under field conditions with greater a a a a F = 1.66; P = 0.20; df = 3, 33 Figure 13 . Effect of ground speed on effective swath for the MG-1 aircraft. Means (±SEM) with the same lower-case letters are not significantly different at P < 0.05 according to Tukey's Method.
The spray patterns for the tested treatments were analyzed using two different techniques. The first one, referred to as the traditional method, overlays multiple spray passes to obtain an average spray pattern for the aircraft for a specific treatment. That averaged pattern is then computer simulated across five racetrack spray swaths to achieve a coefficient of variation at different swath widths. This method is typically preferred when time and resources limit the number of spray passes that can be made, such as at a spray pattern test clinic. The second method analyzes each individual spray pass by itself. That individual pass also is simulated across five spray swaths to obtain a coefficient of variation for different swath widths. This method is probably more indicative of actual field applications, since it does not overlay multiple passes on top of each other. As a result, greater variability in spray deposits is observed across the spray swath. When a minimum standard of variability is exercised upon a spray swath (i.e., CV ≤ 25%), the effective swath using this technique will almost always be narrower than with the traditional method. Table 2 illustrates the differences in the resultant effective swaths using the two different methods of analyses. What can be seen from the data is that there is a significant reduction in swath when the individual swaths are analyzed independently. On average, there was a 1.2 m reduction in effective swath for both the V6A and MG-1 aircraft for an overall reduction of 37.9% and 29.7%, respectively. These values were not significantly different (F = 0.04; P = 0.84; df = 1, 22) and indicate that the reduction in effective swath was comparable between the two methods evaluated, regardless of the aerial platform. Table 3 shows that the spray efficiency averaged 51.69 and 100.74% for the V6A and MG-1 platforms, respectively. The spray efficiency was significantly greater for the MG-1 platform than that for the V6A platform (t = −2.58; P = 0.03; df = 11). The method used to determine effective swath width is ultimately up to the analyst. However, given that these tests must be conducted under field conditions with greater natural meteorological variability, Method 1 has been used for decades with little to no adverse effect on spray deposition or efficacy in the field. 
Spray Droplet Spectra on WSP Samplers
Application height did not significantly influence deposited spray droplet size, percent area coverage nor spray rate for the MG-1 (Table 4 ). Ground speed, however, significantly influenced spray droplet spectra, coverage and spray rate for the MG-1 (Table 4 ). Interactions between operational protocols were significant for D v0.1 and D v0.5 but not for D v0. 9 . Similarly, a significant interaction between application height and ground speed was evident for percent area coverage but not for spray rate. The 3 m application height and 5 m/s ground speed significantly produced the largest D v0.1 and D v0.5 values for the MG-1. Likewise, the 2 m height and 1 m/s ground speed resulted in the highest percent area coverage and spray rate values for the MG-1.
Unlike the MG-1, application height did affect deposited droplet size, percent area coverage and spray rate for the V6A (Table 5 ). Ground speed affected D v0.5, D v0.9, percent area coverage and spray rate. The interaction between application height and ground speed was significant for D v0.1 and percent area coverage but not for the other droplet parameters. The 2 m application height and 1 m/s ground speed produced the largest spray droplets, while the 3 m application height and 1 m/s ground speed produced the largest percent area coverage and spray rate. Spray droplet spectra were the smallest at the 4 m application height and 7 m/s ground speed. Similarly, percent area coverage and spray rate were the smallest at the 4 m application height and 7 m/s ground speed.
As seen in Figure 14 , there was a tendency for the spray droplets (D v0.5 ) to increase as the efficiency of spray application increased. The regression of D v0.5 droplets on spray application efficiency indicated that there was a significant functional relationship between the two variables for the two aerial systems. The regression equation: Y = 213.39 + 0.45 * spray efficiency explained 58% of the variation for the MG-1 platform, while the regression equation: Y = 168.96 + 0.31 explained 25% of the variation for the V6A platform. The regression coefficient, 0.45 (t = 3.76; P = 0.0037), and the intercept, 213.39 (t = 15.36; P < 0.0001), were significantly greater than 0, each with 1, 10 df for the MG-1. Similarly, the regression coefficient, 0.31 (t = 1.83; P = 0.10), and the intercept, 168.96 (t = 16.56; P < 0.0001), were significantly greater than 0 for the V6A as well. However, the slope coefficient was significant only at the 10% level. This suggests that for the CR80-005 nozzle with a smaller orifice, the ability to increase D v0.5 droplet size with an increase in application spray efficiency was limited. 
Wind Tunnel Analysis of Spray Droplet Spectra
Results from the spray nozzle tests in the wind tunnel indicated that the CR80-005 nozzle produced a significantly smaller droplet spectra than the XR110-01 nozzle ( Table 6 ), as would be expected from a hydraulic nozzle with a smaller orifice. The percentage of spray volume comprised of droplets less than 100 and 200 µ m was also significantly less for the XR110-01. The relative span data indicate that the droplet spectra from the CR80-005 nozzle were less variable than the XR110-01 nozzle. It should be noted that regardless of the differences between the two nozzles, both would be considered to have high potential for drift. 
Discussion
Spray Pattern Uniformity and Effective Swath
The development of a uniform spray pattern is important to ensure relatively equal placement of applied materials to target areas and to suppress target pest populations through efficacious applications. The effective swaths of 5.3 ± 0.7 m for the MG-1 and 4.1 ± 0.5 m for the V6A compare Application height * ground speed interaction means followed by the same lower-case letter are not significantly different (P < 0.05) according to Tukey's Method. Degrees of freedom for D v0.1 , D v0.5 , D v0.9 , percent area coverage, and spray rate are equal. Application height * ground speed interaction means followed by the same lower-case letter are not significantly different (P < 0.05) according to Tukey's Method. Degrees of freedom for D v0.1 , D v0.5 , D v0.9 , percent area coverage, and spray rate are equal.
Wind Tunnel Analysis of Spray Droplet Spectra
Results from the spray nozzle tests in the wind tunnel indicated that the CR80-005 nozzle produced a significantly smaller droplet spectra than the XR110-01 nozzle ( Table 6 ), as would be expected from a hydraulic nozzle with a smaller orifice. The percentage of spray volume comprised of droplets less than 100 and 200 µm was also significantly less for the XR110-01. The relative span data indicate that the droplet spectra from the CR80-005 nozzle were less variable than the XR110-01 nozzle. It should be noted that regardless of the differences between the two nozzles, both would be considered to have high potential for drift. 
Discussion
Spray Pattern Uniformity and Effective Swath
The development of a uniform spray pattern is important to ensure relatively equal placement of applied materials to target areas and to suppress target pest populations through efficacious applications. The effective swaths of 5.3 ± 0.7 m for the MG-1 and 4.1 ± 0.5 m for the V6A compare favorably with those reported by Giles and Billing [22] who flew a much heavier (65 kg) Yamaha R-Max single-rotor UAS at 3-4 m above a vineyard canopy at 6 m/s and provided spray application and deposition rates comparable to that of manned aerial spraying. Thus, the effective swaths obtained in this study (4.1 to 5.3 m) compare favorably with those achieved by Giles and Billing [22] , who reported effective swaths between 4.8 to 7.2 m. Application height significantly influenced effective swath for the MG-1 platform in this study. This is in agreement with Mat Su et al. [23] who reported that a similar MG-1 aircraft when operated over a rice paddy at 2 m application height and 1 to 2 m/s ground speed produced a uniform spray pattern with less drift potential. Similarly, Qin et al. [4] reported that an application height of 1.5 m and 5 m/s ground speed produced a uniform droplet distribution on rice paddy. Qin et al. [4] also reported that the downward air stream flow (downwash) from the RPAAS rotors probably facilitated droplet penetration into the lower rice canopy.
Many factors, including rotor downwash and the design and power ratings of the aircraft, are likely contributing to these measured differences in spray pattern uniformity and effective swath. However, some of the most important factors influencing effective swath and pattern uniformity are varying meteorological conditions, the most important of these being wind direction. Changes in wind direction during spray application passes tended to greatly affect spray pattern uniformity and the resulting effective swath. It can easily abbreviate a spray pattern and cause the material to stack on the upwind side. The result is a narrow deformed spray pattern. While these deformed patterns are unattractive on paper, their real effects in the field can be devastating. Over-application in certain areas of the field as a result of nonuniform spray patterns can end up wasting valuable products which can increase environmental loading. Under-application in areas of the field where there is not enough pattern overlap can result in loss of control of the target pest and perhaps even a buildup of target resistance to the applied chemicals due to application of sublethal doses. Additionally, from a research standpoint, the high variability in resulting effective swaths due to changing wind conditions makes it very difficult to separate out treatment differences. Conventional methods of conducting three to four spray pass replications are not adequate. Heavily replicated trials are needed to adequately separate out potential differences in effective swath due to independent operational variables such as platform, application height and ground speed. Richardson et al. [24] reported a highly variable swath pattern with large unexplained variance despite 65 flights being made with a multi-rotor MG-1 aircraft under varying ground speed, droplet size and application height. Similarly, Shilin et al. [25] studied spray deposition profiles of four UAVs with different payload capacities and found highly variable spray distribution patterns. Both Richardson et al. [24] and Shilin et al. [25] concluded that high precision and efficiency from RPAAS application systems has not yet been realized. It is well recognized that a certain number of replications must be examined on a given experimental area and date to provide an adequate estimate of sampling variance. However, available resources must be optimally allocated taking into consideration the cost of sampling in man-hours so that an accurate estimation of the coefficient of variation can be obtained.
Traditional methods of averaging multiple spray patterns for effective swath estimation may not be adequate to fully describe the variability in application rate that may exist in field scale applications. The significant differences in effective swath found between the traditional method and the new method which evaluates individual passes, points to a reevaluation of approach. The traditional method yields a wider swath, but at what cost? Further investigation will need to be conducted to characterize the efficacy of field applications under the more realistic scenario posed by the individual swath analysis technique. Richardson et al. [26, 27] developed a simulation model to address deposition variability relative to underdosing or overdosing of pest control products using a conventional approach to determine effective swath pattern. Wen et al. [28] sprayed 1% fluorescent tracer solution on cotton using a quadcopter and analyzed spray pattern uniformity on paper strips using a spectrometer and found strong correlation with spray coverage and spray rate determined by WSP samplers. These approaches to swath analysis technique are useful analytical tools to help evaluate and improve swath pattern analysis for unmanned aerial vehicles.
Spray Droplet Spectra
Significant interaction between application height and ground speed relative to spray droplet parameters likely occurred due to complex aerodynamic factors related to rotor downwash from the aircraft that were outside the scope of the study. The highest D v0.5 value of 335 µm, a medium spray droplet spectrum, was produced at 3 m height and 5 m/s ground speed by the MG-1, while the highest D v0.5 of 225 µm, a fine spray droplet spectrum, was produced at 2 m height and 1 m/s ground speed by the V6A. Qin et al. [4] reported that when a 15 L unmanned aircraft was operated at a velocity of 5 m/s and an altitude of 1.5 m, a greater proportion of smaller droplets (50 to 100 µm) were deposited in the lower regions of the rice canopy (250 mm above ground) than when the aircraft was operated at a velocity of 3 m/s and at an altitude of 0.8 m. Lan and Chen [29] reported on optimal operational parameters for a wide variety of crops studied under varying altitude and flight speed conditions using a multitude of UAVs and found that the optimal height and speed varied from 1 to 7 m and 1.5 to 3.7 m/s, respectively. Yongjun et al. [30] flew a 10 L multi-rotor UAV and reported that the 1 m application height and 4 m/s ground speed optimized spray droplet distribution for blister stage corn, while the 2 m application height and 2 m/s ground speed were the optimal operational parameters for dough stage corn. Richardson et al. [31] reported that the percent of applied spray deposited within the swath was higher for extra coarse droplets (90%) than that for fine droplets (73%). This agrees with our research that the D v0.5 droplets increased with spray efficiency for both MG-1 and V6A aircraft, although the relationship was weaker for the V6A model. These data appear to suggest that although specific combinations of application height and ground speed produced desired outcomes as reported by other researchers, whether it be canopy penetration, increased deposition or a large effective swath, more data are needed to unravel the complexity of the relationships between different variables, which is beyond the scope of this study.
Compared to the estimation of spray droplet spectra in a controlled environment like the wind tunnel, WSP sampling is usually conducted under field conditions where the vagaries of weather play a major role on spray deposition. Kirk et al. [32] reported that aerially applied larger droplets are primarily under the influence of gravity, while smaller droplets are more influenced by wind and wind turbulence and that the interactions of these phenomena with spray droplets are probably responsible for the collection efficiency of spray deposits on artificial collectors. Also, spray droplets <50 µm in diameter do not make a measurable stain on WSP samplers because they lack adequate moisture and weight to generate the stain [17] . Furthermore, the spray droplets that make a stain on WSP cards do not represent actual droplet diameters as the stain expands once it contacts the WSPs and thus a spread factor based on empirical testing must be applied to the data to obtain the actual droplet size. Smaller droplets on WSP samplers can be completely masked by larger droplets, and the scanning software must be able to recognize at least 1/3 rd of the droplet to correctly identify it. Droplet masking is more severe with heavier application rates [33] . The factors discussed here may help explain the difference in droplet spectra measurements between the laser and WSP data.
The spray droplet spectra were relatively small for both the MG-1 and V6A aircraft and would have a relatively high drift potential compared to other nozzles. Although we did not investigate the drift potential of spray droplets, research data obtained from computer modeling and field experiments under varied environmental conditions indicated that spray droplets in this range that are less than 200 µm have a higher drift potential than larger droplets, with the smaller droplets having the greatest potential to drift [34] [35] [36] [37] [38] [39] . While the nozzles tested in this study were original equipment manufacturer (OEM) nozzles, other nozzles, with a lower drift potential, could be installed by users to obtain a larger, less-driftable spray droplet spectrum.
Conclusions
The results of this study describe the effects of application height and ground speed on spray pattern uniformity, effective swath and droplet spectra characteristics for two remotely piloted aerial application systems. Application height significantly influenced effective swath for the MG-1 but not for the V6A. Ground speed did not significantly influence effective swath for either aircraft model. The 3 m application height at 5 m/s ground speed yielded the largest D v0.5 spray for the MG-1, while 2 m application height and 1 m/s ground speed resulted in a similar result for the V6A aircraft. The differences in effective swath between these two RPAASs reveal that besides operational protocols, rotor downwash and the design and power ratings of each of these vehicles likely will impact the performance and efficiency of these aerial spray application systems. Traditional methods of spray pattern analysis need to be revisited as they may overestimate an effective swath that will produce uniform spray patterns for maximum chemical efficacy. 
